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Solids volume fraction and particle velocity profiles were measured with a fiber 
optical probe in a cold circulating fluidized bed test rig with 6 parallel cyclones and a 
pant leg. Results in the pant leg zone, main bed zone and exit zone of the furnace 
are reported. The work also includes the influences of superficial gas velocity, 
secondary air rate and static bed height on the gas-solids hydrodynamics. 
INTRODUCTION 
 
Circulating fluidized beds (CFBs) are commercially employed in a number of 
gas–solids contacting processes such as fluid catalytic cracking, fossil fuel 
combustion and gasification (1). Knowledge of the gas-solids hydrodynamics is the 
key to understanding and predicting chemical interactions between gas and particles, 
heat transfer performance and erosion in the furnace (2). 
The majority of previous experimental studies of solid flux profiles have been carried 
out in CFBs with single furnaces (3-5). In single furnace, a typical core-annulus flow 
pattern has been observed by many researchers in laboratory and industrial scale 
units (5-7). However, the structure of a CFB furnace is becoming more and more 
complex during scale-up, especially in recent development of a 600MW CFB boiler. 
Large-scale CFB furnaces have new characteristics, i.e. multiple outlets, pant legs 
and internal walls. Few studies have been conducted and reported on lateral solids 
flow in the riser with a pant leg structure. Therefore, further study on the gas-solids 
hydrodynamics in a large-scale CFB furnace is required to provide more 
understanding of the flow structure. 
In this study, solids volume fraction and particle velocity profiles in a CFB with 6 
cyclones and a pant leg furnace were investigated by using a fiber optical probe 
(FOP). The work focused on three zones in the furnace, the lower pant leg zone, the 
main bed zone and the exit zone of the furnace. Effects of superficial gas velocity, 
secondary air rate and static bed height on the solids volume fraction and particle 
velocity distributions were examined. This was a part of the work conducted to 
develop the 600MW CFB boiler. 
EXPERIMENTAL 
 
The experiments were done in the CFB cold model system shown in Fig. 1. The test 
rig was scaled down from a 600 MW CFB boiler (8) following the scaling law 
proposed by Glicksman et al (9). The riser had a height of 5.5 m and the bottom 
section of the riser looks like a pair of pants (pant leg structure). The internal walls of 
the pant leg were 1 m high. Above 1 m from the gas distributors, the riser had a 
cross-sectional area of 0.422 × 0.727 m2. 6 parallel cyclones were located 
asymmetrically on the left and right walls of the riser (Fig. 2). Circulating loops were 
formed with the pant leg riser, 6 cyclones, 6 standpipes and 6 loopseals. Most of the 
apparatus was made of Plexiglas for convenient observation. The measurements 
were conducted at atmospheric pressure and ambient temperature. 
Fig. 1. Experimental CFB cold test rig Fig. 2. Layout of the 6 parallel cyclones 
 
During operation, the solids fluidization in the individual pant legs was controlled by 
independent primary air flow. Bed pressures in the two pant legs were kept in 
balance by a pressure control unit (PCU). 
 
The Fiber optical probe (FOP) method (10-12) was used to measure the solids 
volume fraction and the particle velocity in the riser. The probe measurement system 
(PV6D) was composed of an optical fiber probe, a control system, an A/D converter 
and a data acquisition system. It was calibrated before the measurements were 
made (13). 
The FOP measurements were taken at seven different height levels (level 1: 0.25, 
level 2: 0.65, level 3: 1, level 4: 1.45, level 5: 2.55, level 6:3.65 and level 7: 5.25 m) 
above the air distributors as shown in Fig. 1. At locations from level 1 to level 6, the 
fiber optic probe was traversed from the left wall to the right wall. It was traversed 
from the front wall to the rear wall at level 7, as shown in Fig. 2. It should be noted 
that a positive value for the particle velocity means the particle moves upward in the 
riser at levels 1 ~ 6 and flows toward the cyclones at level 7. 
Glass beads with a density of 2364 kg/m3 and an average particle diameter of 0.114 
mm were used as bed materials. The effects of superficial gas velocity (u0), 
secondary air rate (RSA) and static bed height (Hs) on the solids volume fraction and 
particle velocity profiles were studied in the experiments. The bed material properties 
and the operational parameters of the boiler and model are shown in Table 1. 
Table 1. Bed material properties and operational parameters 
Parameter Unit Boiler Model 
Temperature, Tb °C 900 50 
Gas density, ρg kg/m3 0.301 1.093 
Gas viscosity, Vs m2/s 1.55E-04 1.80E-05 
Mean particle diameter of, dp mm 0.400 0.114 
Density of particle, ρs kg/m3 2000 2364 
Superficial gas velocity, u0 m/s - 1.7 
Minimum fluidization velocity, umf m/s 0.050 0.016 
Solid flux, Gs kg/m2s - 6.00 
 
RESULTS AND DISCUSSION 
 
Solids volume fraction and particle velocity profiles in the pant leg, main bed 
and exit zone 
Fig. 3 shows the solids volume fraction (εs) and particle velocity (up) profiles at level 2 
(within the pant leg section, 0.65 m above the gas distributors) for u0 = 1.7 m/s, RSA = 
10 % and Hs = 500 mm. Corresponding results for the left and right pant leg show 
similar distributions of εs and up although the particles in the two pant leg furnaces are 
fluidized independently. The solids volume fraction increased near the walls since it 
requires less energy for the bubbles to pass through the center of the bed (14). 
Particle velocity decreased near the walls, and a negative axial solids velocity 
appeared near the wall. 
Lateral profiles of εs and up at level 3 (top- section of the pant leg, 1 m above the gas 
distributors) at the same conditions of Fig. 3 are shown in Fig. 4. A W-shaped 
distribution of the solids volume fraction and an M-shaped distribution of the particle 
velocity are seen in Fig. 4. Solid boundary layers exist near the side walls and the 
internal walls of the pant leg. The solids volume fraction in the boundary layer is 
higher than in the core zone. The maximum solids volume fraction in the boundary 
layer near the internal walls was even higher than in the boundary layer near the side 
walls. It was found that the downflow of particles in the boundary layers had different 
downflow velocities at different locations. The downflow particles near the enclosure 
walls had higher velocities (1.5 ~ 2 m/s) than that near the pant leg internal walls 
(below 1 m/s). 
Fig. 3. Profiles of εs and up at level 2 Fig. 4. Profiles of εs and up at level 3 
 
The above results on εs and up profiles in Fig. 3 and Fig. 4 give a general picture of 
the gas-solids flow pattern in the pant leg zone. Within the pant leg zone, two 
core-annulus flow structures are formed independently. These two cores are merged 
into one core at the top of the pant legs and then a W-shaped profile of solids volume 
fraction and an M-shaped profile of particle velocity are formed. 
Above the pant leg section, the riser is a single furnace. Fig. 5 shows εs and up 
profiles at level 4 (1.45 m above the air distributors) and shows a transitional flow 
pattern from the two core-annulus structures to a traditional core-annulus structure. 
The particle velocity profile has completely transitioned, but the solids volume 
fraction profile still is higher in the center of the furnace.  
Fig. 6 shows εs and up profiles of a traditional core-annulus flow structure in the upper 
dilute section of the riser (at level 5, 2.55 m above the air distributors). The boundary 
layer thickness is defined as the distance from the wall to the position of zero particle 
velocity, i.e. the position separating the particle upflow in the bed core and the 
particle downflow near the wall (7). From the areas marked out by the dotted lines in 
Figs 4 to 6, the boundary layer thickness is about 5 to 15 mm which decreases 
slightly with the height of the riser. This is in agreement with results from literature (6). 
Inside the core zone, the εs and up profiles are both flat with an average εs of 
approximately 0.017 and an average up of about 1 m/s. The particles in the boundary 
layer have a downflow velocity which varies from 0.7 to 1.5 m/s depending on 
location. The downflow velocity reaches a lower value of about 0.7 m/s near the wall. 
This suggests a momentum transfer between the falling film and the wall, which is 
likely to depend on the properties of the wall surface (surface roughness of wall, 
inclination of surfaces from the vertical direction, etc.). The resulting solids volume 
fraction and particle velocity distributions are similar to measurements reported by 
Zhang et al. (7) . 
Fig. 5. Profiles of εs and up at level 4 Fig. 6. Profiles of εs and up at level 5 
 
The εs and up distributions at the exit section presented in Fig. 7 were measured at 
level 7 (near the horizontal ducts, 5.25 m above the air distributors). Due to the 
complicated structure of the exit section and the asymmetric layout of the cyclones, 
solids volume fraction and particle velocity were not evenly distributed across the 
furnace. Of the three outlets indicated by the dotted lines in Fig. 7, a slightly higher 
particle velocity and a lower solids volume fraction were measured for the middle 
outlet (outlet B). 
Effect of superficial gas velocity, secondary air rate and static bed height 
The evolution of the εs and up profiles as a function of superficial gas velocity (u0) is 
shown in Fig. 8. The results were measured at level 5 for a secondary air rate of 10 
% and a static bed height of 500 mm. The solids volume fraction in the core zone 
increased with increasing superficial gas velocity. When u0 increases more particles 
are entrained into the upper section of the riser. However, the superficial gas velocity 
did not show a significant impact on solids volume fraction in the boundary layer. 
Moreover, in spite of increasing superficial gas velocity, it did not have a significant 
effect on particle velocity. 
Fig. 9 shows εs and up profiles at a constant superficial gas velocity (u0 = 1.70 m/s) 
and static bed height (Hs = 500 mm) but at different secondary air rates (RSA). It can 
be seen that at level 6, the solids volume fractions in both the core zone and the 
boundary layer decrease when secondary air rate increases from 10 % to 20 %. The 
difference in the solids volume fraction is most likely, because of the barrier effect of 
the secondary air (15). The particle velocity in the core decreases when RSA 
increases due to the reduction in the acceleration of the particles due to primary air 
(16). 
Fig. 7. Profiles of εs and up at level 7 Fig. 8. Profiles of εs and up for different u0 
 
Fig. 9. Profiles of εs and up for different 
Rsa at level 6 
Fig. 10. Profiles of εs and up for different 
Hs at level 6 
 
Fig. 10 shows εs and up profiles at level 6 in the furnace for different static bed heights 
(Hs = 400 and 500 mm). The solid volume fractions in both the core zone and the 
boundary layer when Hs = 500 mm were higher than that for a lower Hs. This is 
reasonable because a higher Hs results in a higher average solids volume fraction in 
the whole furnace. Comparing the up profiles in Fig. 10, it can be seen that up in the 




The results of the investigation show that within the pant leg section, two 
core-annulus flow structures are formed independently. These two cores are merged 
into one core above the pant leg section and the solids flow pattern makes a 
transition to a traditional core-annulus structure. The boundary layer thickness is 
about 5 to 20 mm which decreases slightly with riser height. The particles in the 
boundary layer have a downflow velocity which varies from 0.7 to 1.5 m/s. Due to the 
asymmetric layout of the three riser outlets on each side wall, a higher particle 
velocity and a lower solids volume fraction were observed in the middle outlet. 
The solids volume fraction in the upper section of the riser increases with superficial 
gas velocity and static bed height but decreases with secondary air rate. Particle 
velocity in the core zone of the upper riser section increases with static bed height 
and decreases with secondary air rate. There was no significant influence of bed 
height on particle velocity in the boundary layer. 
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NOTATION 
 
dp: Mean diameter of particle [mm] 
Gs: Solid flux [kg/m2s] 
H: Height of the riser [m] 
Hs: Static bed height [mm] 
D: Depth of the riser’s cross-section [m] 
X: Radial position from left wall [m] 
RSA: Secondary air rate [%] 
Tb: Bed temperature [°C] 
u0: Superficial gas velocity [m/s] 
umf: Minimum fluidization velocity [m/s] 
up: Particle velocity [m/s] 
Vs: Gas viscosity [m2/s] 
εs: Solids volume fraction [-] 
ρs: Solids density [kg/m3] 
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